Introduction
Dendritic cells (DCs) and natural killer (NK) cells are essential effector cells of the innate immune system that rapidly recognize and directly eliminate microbial pathogens and transformed cells, induce inflammation, and initiate, polarize, and regulate adaptive immune responses. [1] [2] [3] [4] [5] [6] [7] [8] [9] Recent studies have shown that DCs and NK cells enhance and regulate their functions via interaction and reciprocal stimulation. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] NK cells induce in DCs maturation, and increases in expression of the major histocompatibility complex (MHC) and costimulatory molecules, and secretion of IL-12p70. Reciprocally, DCs induce in NK cells activation, and proliferation, augmentation of perforin-mediated cytotoxicity and IFN-␥ secretion. The specifically amplified DC and NK-cell functions empower the innate immune system with increased abilities to eliminate infected and transformed cells, induce Th1-type adaptive immune responses and, consequently, efficiently contain infections and cancer. In vivo, DCs and NK cells colocalize and possibly interact at the sites of inflammation and in lymph nodes. 6, [21] [22] [23] The mechanisms and mediators that govern DC-NK-cell interaction are obscure. Both soluble and transmembrane molecules have been implicated in DC-NK-cell interaction. However, while secreted cytokines such as IL-12, IL-18, IL-2, and type I interferons have been examined and inconsistently found to be involved in DC-NK-cell interaction, the transmembrane molecules have not been explored so far. 10, 14, 20, [24] [25] [26] [27] [28] If secreted cytokines are major mediators of DC-NK-cell interaction, the interaction should efficiently occur both in cell-cell contact and following their physical separation, which enables the cell communication via secreted molecules and excludes the involvement of transmembrane molecules. Contrarily, it has been consistently shown that the interaction only occurs efficiently when DCs and NK cells are in direct contact but not physically separated. 10, [14] [15] [16] These findings indicate that transmembrane molecules might be initiators and early mediators of DC-NK-cell interaction. However, the secreted cytokines might be induced during the early process and could contribute to the interaction later during the process.
Both DCs and NK cells express transmembrane TNF (tmTNF), 29, 30 which is a homotrimeric 26 kDa type II protomer protein. tmTNF can be cleaved by the specific membranebound metalloprotease TNF-alpha-converting enzyme ([TACE] ADAM-17) and secreted as a 17 kDa soluble homotrimeric cytokine (soluble TNF [sTNF] ). TNF mediates vitally important cell contactdependent functions such as structural and functional organization of secondary lymphoid organs, apoptosis, inflammation, and immunoregulation. 31, 32 The diverse functions are induced via cognate interactions between TNF and its 2 transmembrane receptors, TNF receptor type 1 (TNFR1, TNFRSF1A, p55/60, CD120a) and TNF receptor type 2 (TNFR2, TNFRSF1B, p75/80, CD120b), which have structurally distinct intracellular domains and therefore activate different signaling pathways. TNFR1 contains a C-terminal region of 80 amino acids named "death domain" that binds TNFR1-associated protein with death domain (TRADD) and signals activation of both caspases/apoptosis and NF-B. In contrast, TNFR2 has within the intracellular domain a C-terminal region of 78 amino acids that binds TNFR-associated factor 2 (TRAF2) and an N-terminal RING-finger motif and signals activation of NF-B and expression of cytokine genes. Interestingly, while TNFR1 can be activated by both tmTNF and sTNF, TNFR2 can be only activated by tmTNF. 31, 32 TNF mediates DC maturation and NK-cell activation, 1, 2, 4, 5, 33, 34 the 2 important biologic responses that are reciprocally induced in DC-NK-cell interaction. In humans, not only tmTNF is expressed on both DCs and NK cells, but also TNFR2 is expressed on NK cells. 29, 30, 35 In addition, anti-TNF neutralizing antibodies have been shown to decrease the ability of NK cells to stimulate the increase in DC CD86 expression in humans, indicating that NK-cell TNF could contribute to DC maturation stimulated in DC-NK-cell interaction. 14, 15 Together, the evidence suggests that tmTNF could be a mediator of DC-NK-cell contact interaction and both NK cell-induced maturation of DCs and DC-induced activation of NK cells. In the present study, we examined the role of TNF and its cognate receptors in DC-induced activation of NK cells in mice. We defined a novel mechanism of DC-NK-cell crosstalk, which is nonsecretory and mediated via cell-cell contact and cognate interaction of DC tmTNF and NK-cell tmTNFR2.
Materials and methods

Mice
Eight-week-old wild-type female C57BL/6 (H-2k b /I-A b ) mice were obtained from Taconic (Germantown, NY). TNF-, TNFR1-, and TNFR2-deficient (TNF Ϫ/Ϫ , TNFR1 Ϫ/Ϫ , and TNFR2 Ϫ/Ϫ , respectively) female mice with C57BL/6 background were purchased from The Jackson Laboratory (Bar Harbor, ME). Mice were housed at the University of Pittsburgh Cancer Institute's Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC) International-accredited animal facility. The animal studies were performed in accordance with the protocols approved by the University of Pittsburgh Institutional Animal Care and Use Committee.
Reagents
The following reagents were used: low-toxic rabbit complement (Cedarlane Laboratories, Hornby, ON, Canada); mouse recombinant GM-CSF and IL-4 (R&D Systems, Minneapolis, MN); human recombinant IL-2 (Chiron, Emeryville, CA); mouse recombinant sTNF (Alexis Biochemicals, San Diego, CA); Escherichia coli lipopolysaccharide (LPS) (Sigma Chemical, St Louis, MO); hybridomas producing rat anti-mouse CD4, CD8, and CD45/B220 monoclonal antibodies (mAbs) (American Type Culture Collection [ATCC], Rockville, MD); MACS NK-Cell and DC Isolation Kits (Miltenyi Biotec, Auburn, CA); fluorochrome-conjugated anti-mouse NK1.1, DX5, CD69, CD3, CD14, CD19, CD11c, CD11b, CD205, CD80, CD86, CD40, H-2k b , and I-A b mAb and corresponding isotype control mAb (BD PharMingen, San Diego, CA); rat anti-mouse TNF mAb (Pierce Endogen, Rockford, IL); rabbit anti-mouse TNFR1 and TNFR2 antibodies and control Ig (Santa Cruz Biotechnology, Santa Cruz, CA); Armenian hamster anti-mouse TNFR1 and TNFR2 and isotype control mAb (BD PharMingen); mouse anti-␤-actin mAb (Sigma Chemical); biotin-and peroxidase-conjugated goat anti-rat and goat anti-rabbit IgG antibodies (Pierce Endogen); R-phycoerythrin-conjugated streptavidin (Jackson ImmunoResearch Laboratories, West Grove, PA); mouse Quantikine TNF, TNFR2, and IFN-␥ enzyme-linked immunosorbent assay (ELISA) kits (R&D Systems); and adenoviral vectors containing the green fluorescence protein (GFP) and mouse TNF genes (2 ϫ 10 10 plaque-forming units (pfu)/mL) (University of Pittsburgh Vector Core Facility).
Generation of noncleavable TNF cDNA
TNF cDNA lacking the TACE cleavage site was generated by deletion of the nucleotides coding for the amino acids 77 to 92 in the mouse wild-type Tnf cDNA (InvivoGen, San Diego, CA) using QuickChange II SiteDirected Mutagenesis Kit (Stratagene, La Jolla, CA). The oligonucleotides primers used for deletion mutagenesis were 5Ј-CATCAGTTCTATGGC-CCAGGCCCACGTCGTAGCAAACC-3Ј (sense), and 5Ј-GGTTTGCTAC-GACGTGGGCCTG GGCCATAGAACTGATG-3Ј (antisense).
Purification of fresh DCs
CD11c ϩ DCs were purified from spleen-cell suspensions by positive immunoselection using MACS DC Isolation Kit as recommended by the manufacturer. The purified DCs were more than 90% CD11c ϩ CD3 Ϫ NK1.1 Ϫ CD14 Ϫ CD19 Ϫ and expressed low levels of CD80, CD86, CD40, and MHC class I and MHC class II molecules and were referred as in vivo-generated, freshly isolated immature DCs (fiDCs).
Generation of DCs in vitro
Myeloid immature DCs were produced by 5-day culturing of mature cell-depleted bone marrow cells (0.1 ϫ 10 6 /mL) in the presence of recombinant mouse GM-CSF and IL-4 (15 ng/mL each). Thus, generated DCs were 95% CD11c ϩ CD205 ϩ/Ϫ lineage marker Ϫ . They expressed the CD80, CD86, CD40, and MHC class I and MHC class II molecules at low to intermediate levels. These DCs did not secrete IL-12p70 and IL-18 either unstimulated or following stimulations with LPS, TNF, or NK cells and only secreted IL-12p70 following stimulation with the cocktail IL-4, LPS, IFN-␥, and CD40L. They were referred as in vitro-generated, cytokinestimulated immature DCs (ciDCs). DCs gained the ability to secrete IL-12p70 in response to LPS alone following 7 days of culture. Mature DCs (mDCs) were produced by 6-to 24-hour LPS stimulation of fiDCs or ciDC and were referred to as fmDCs and cmDCs, respectively. TNF Ϫ/Ϫ , TNFR1 Ϫ/Ϫ , and TNFR2 Ϫ/Ϫ ciDCs showed normal growth and expression of the costimulatory and MHC molecules.
Purification of fresh NK cells
NK1.1 ϩ CD3 Ϫ cells were purified from splenocytes by negative immunoselection using MACS NK Cell Isolation Kit as recommended by the manufacturer. These cells were more than 75% NK1.1 ϩ CD3 Ϫ CD69 Ϫ and were referred to as in vivo-generated freshly isolated resting NK (fNK) cells.
Activation and expansion of NK cells
Purified fNK cells (0.1 ϫ 10 6 /mL) were supplemented with 6000 IU/mL IL-2 and cultured for 6 days. In this culture, NK cells expanded 10-to 20-fold and were more than 97% NK1.1 ϩ CD3 Ϫ CD69 ϩ . They were referred to as cultured IL-2-activated NK (caNK) cells. fNK cells were also cultured with IL-2 for 1 to 24 hours and referred to as fresh aNK (faNK) cells.
DC-NK-cell cocultures, gene transfer, and functional testing
fiDCs and fNK cells, as well as ciDCs and caNK cells, were seeded individually or combined in a 1:1 ratio (0.5 ϫ 10 6 /mL each) in 96-well round bottom plates. In some experiments, DCs and NK cells were cocultured in 24-well plates equipped with Transwell inserts having semiporous membrane (0.2 m pore diameter; Corning, Corning, NY). To inhibit DC secretory activity and preserve cell membrane-bound molecules, ciDCs and cmDCs were fixed with 1% (wt/vol) paraformaldehyde for 30 minutes on ice. The cells were additionally cultured for 24 hours or various periods of time in the absence or presence of the 200 ng/mL LPS and/or 6000 IU/mL IL-2. In the Tnf gene overexpression or restoration experiments, wild-type or TNF Ϫ/Ϫ ciDCs were transduced with the GFP or mouse wild-type Tnf by their coincubation with 60 pfu per cell of the adenoviral vectors containing the genes at 37°C for 1 hour. In addition, TNF Ϫ/Ϫ ciDCs were transduced with recombinant plasmids containing either the wild-type or noncleavable Tnf using lipofectamine transfection reagent and Opti-MEM I reduced serum medium (Invitrogen, Carslbad, CA) following the manufacturer's protocol. Transduced DCs were seeded into 24-well plates (0.5 ϫ 10 6 /mL) and cultured for 24 hours to allow expression of the transduced gene-encoded proteins and then assessed in the 24-hour cocultures. In blocking experiments, wild-type mouse ciDCs and caNK cells were cocultured for 24 hours in the absence or presence of isotype-control mAb or anti-TNF, anti-TNFR1, and/or anti-TNFR2 mAb (20 g/mL). Following the cell cultures, cell-culture-conditioned media were collected and assessed for TNF and/or IFN-␥ using ELISA. In addition, cell lysates were obtained by 30 minutes of incubation of DCs and NK cells on ice in radioimmunoprecipitation assay (RIPA) lysis buffer (Upstate, Lake Placid, NY). The cell lysates were assessed for the presence of TNF and TNFR2 using ELISA. Data were presented as means of triplicates Ϯ SD of means of TNF, TNFR2, and IFN-␥ nanograms per 0.5 ϫ 10 6 cells per milliliter. NK-cell proliferation and cytotoxicity were measured using standard 18-hour [ 3 H]thymidine incorporation and 4-hour 51 Cr release assays, respectively. 36, 37 
Flow cytometry
Phenotype of DCs and NK cells was determined using direct 2-color flow cytometry. Cell-surface expression of TNF, TNFR1, and TNFR2 by DCs and NK cells was examined using the previously described indirect 1-color flow cytometry assays. 29, 30 
Western blot
Western blot was performed as previously described. 36 
Statistics
The statistical significances of differences between the results were tested using the exact 1-sided Wilcoxon test. The results were considered significantly different with P values less than .05.
Results
Cell membrane-bound but not secreted molecules are required for DC stimulation of NK cells
Previous studies have provided compelling evidence that DCs only effectively mediate NK-cell activation in direct cell-cell contact but not physically separated. 10, 14 This indicates that an activity of locally secreted or cell-membrane-expressed molecules in the cleft of the DC-NK-cell contact area mediates DC stimulation of NK cells. To assess these possibilities, we compared the abilities of viable (secretion and transmembrane molecule competent) and paraformaldehyde-fixed (secretion incompetent, transmembrane molecule competent) 37 ciDCs and cmDCs to stimulate caNK cells to secrete IFN-␥. We found that fixed ciDCs and cmDCs mediated perfectly normal stimulation of IFN-␥ secretion by caNK cells ( Figure 1A ). This finding strongly suggests that DC stimulation of NK cells is initiated and mediated mainly by cell membrane-bound molecules and that secreted molecules participate little if at all in the early activity.
DCs express tmTNF, while NK cells express tmTNFRs
Next, we examined whether DCs and NK cells express tmTNF and tmTNFRs that are potentially capable of mediating this cellular interaction via cell-cell contact. We found a substantial presence of the 26 kDa tmTNF, 55 kDa tmTNFR1, and 75 kDa tmTNFR2 proteins in fiDCs and ciDCs and fNK and caNK cells. In contrast, the 17 kDa sTNF, 28 kDa sTNFR1, or 40 kDa sTNFR2 proteins were not found in the fresh cells and were found in the cultured cells in 10-to 15-fold smaller quantity than their transmembrane forms. tmTNF and tmTNFRs were at 3-to 7-fold higher levels in the cultured than fresh cells ( Figure 1B ). In addition, fiDCs and fNK cells (see data in "Expression of tmTNF on DCs and TNFRs on NK cells directly correlates with DC and NK-cell abilities to crosstalk") and ciDCs and caNK cells ( Figure 1C ) expressed these molecules on the cell surface, but fresh cells did this at lower levels. These findings show that DCs and NK cells express significant levels of tmTNF, tmTNFR1, and tmTNFR2 on the cell surface but contain, if at all, a small amount of the secreted molecules. Therefore, both in vivo-and in vitro-generated DCs and NK cells are potentially able to interact upon cell-cell contact by engaging tmTNF and tmTNFRs. Specifically, tmTNF expressed on DCs might engage tmTNFRs expressed on NK cells and induce biologic responses of NK cells such as IFN-␥ secretion.
Expression of tmTNF on DCs and tmTNFRs on NK cells is associated with the ability of DCs and NK cells to reciprocally stimulate IFN-␥ secretion
We noticed that ciDCs express more tmTNF than fiDCs, fmDCs and cmDCs express more tmTNF than fiDCs and ciDCs, and faNK and caNK cells express more tmTNFR1 and tmTNFR2 than fNK cells ( Figure 1 and "Expression of tmTNF on DCs and TNFRs on NK cells directly correlates with DC and NK-cell abilities to crosstalk"). We initially assessed the association of expression levels of DC tmTNF and NK-cell tmTNFRs with the ability of these cells to reciprocally stimulate IFN-␥ secretion. We found that fiDCs (low tmTNF) did not stimulate significant IFN-␥ secretion in fNK cells (low TNFRs) ( Figure Figure 2D ). These data show an association between the expression of DC tmTNF and NK-cell tmTNFRs with the ability of DCs and NK cells to reciprocally stimulate IFN-␥ secretion. They also demonstrate that both in vivo-and in vitro-generated DCs and NK cells can reciprocally stimulate each other and that this activity can be rapidly enhanced by stimuli that induce increases in expression of tmTNF on DCs and tmTNFRs on NK cells.
Expression of tmTNF on DCs and TNFRs on NK cells directly correlates with DC and NK-cell abilities to crosstalk
To more directly assess the relationships between the expression of tmTNF on DCs and tmTNFRs on NK cells and the abilities of DCs and NK cells to reciprocally stimulate IFN-␥ secretion, we comparatively examined time courses of the LPS-induced increases in expression of tmTNF on fiDCs and ciDCs, IL-2-induced increases in expression of TNFR1 and TNFR2 on fNK cells, and LPS-and/or IL-2-induced IFN-␥ secretion in fiDC-fNK-cell and ciDC-caNK-cell cocultures (Figure 3) . We found that LPS rapidly induced high increases in tmTNF expression on the cell surface of both fiDCs ( Figure 3A ,D) and ciDCs ( Figure 3B ,E). The responses of fiDC and ciDC to LPS were very similar in dynamics and magnitude. Similarly, IL-2 rapidly induced high increases in cell-surface expression of tmTNFR1 (data not shown) and tmTNFR2 ( Figure 3C -D) on fNK cells. Importantly, fmDCs or cmDCs, respectively, induced high and similar increases in IFN-␥ secretion in faNK cells ( Figure 3D ) and caNK cells ( Figure 3E ). The increases in secretion of IFN-␥ coincided with the picks (4 to 24 hours of stimulation) of increases in tmTNF expression on fmDCs and cmDCs and in tmTNFR2 expression on faNK cells.
To more directly correlate DC tmTNF expression and DC ability to mediate NK-cell IFN-␥ secretion, we examined the effects of Tnf transfer on ciDC tmTNF expression and stimulation of NK-cell IFN-␥ secretion. We found that transfer of Tnf produced in ciDCs 4-to 5-fold increases in cell-surface expression of 26 kDa tmTNF ( Figure 4A -B) and ability to stimulate caNK-cell IFN-␥ secretion ( Figure 4C ). In addition, similar to nontransduced cmDCs, 10 ( Figure 4D ). Therefore, the increased stimulation of NK cells by TNF-transduced DCs is mediated preferentially by cell-membraneassociated molecules, similar to that of nontransduced DCs. These findings strongly suggest that DC tmTNF and NK-cell tmTNFRs might be involved in DC induction of IFN-␥ secretion by NK cells.
tmTNF, but not sTNF, is an important mediator of DC-NK-cell crosstalk
To directly assess the role of TNF in DC stimulation of NK-cell IFN-␥ secretion, we compared the abilities of wild-type and TNF Ϫ/Ϫ cmDCs to stimulate IFN-␥ secretion by wild-type and TNF Ϫ/Ϫ caNK cells, respectively. We consistently found that cocultures of TNF Ϫ/Ϫ cmDCs and TNF Ϫ/Ϫ caNK cells produced 5-to 10-fold less IFN-␥ than cocultures of wild-type cmDCs and wild-type caNK cells ( Figure 5A ). This profound defect of TNF Ϫ/Ϫ DCs and NK cells to cross-stimulate IFN-␥ secretion shows that TNF is critically important for DC-NK-cell crosstalk.
Because mDCs produce both tmTNF and sTNF, we examined which form of TNF is a mediator of the crosstalk. We reconstituted TNF Ϫ/Ϫ ciDCs either with both tmTNF and sTNF by transferring wild-type Tnf (wtTnf), or with only tmTNF by transferring noncleavable Tnf (nclTnf), and examined the generation of tmTNF and sTNF and the ability of the engineered DCs to stimulate IFN-␥ secretion by TNF Ϫ/Ϫ caNK cells (Figure 5B-E) . The TNF Ϫ/Ϫ ciDCs transduced with either wtTnf or nclTnf rapidly expressed on cell-surface 26-kDa tmTNF ( Figure 5B,D and data not shown). However, while nclTnf-transduced TNF Ϫ/Ϫ ciDCs did not generate 17 kDa sTNF ( Figure 5D , inset, and data not shown), wtTnftransduced TNF Ϫ/Ϫ ciDCs did so (Figure 5D (Figure 5B-C) or nclTnf ( Figure 5D-E) . These findings show that tmTNF is a critically important mediator of DC-NK-cell reciprocal stimulation of IFN-␥ secretion and indicate that tmTNF of DCs but not of NK cells might be mediator of the function. They also suggest that sTNF might not play a significant role in DC-NK-cell crosstalk.
To directly assess the role of sTNF in DC-mediated stimulation of NK cells, we examined the effect of recombinant sTNF on wild-type caNK-cell IFN-␥ secretion. We found that sTNF, even at concentration of 100 ng/mL, very poorly stimulated NK cells to secrete IFN-␥ ( Figure 5F ). This stimulation was more than 300-fold lower than that induced by wild-type cmDCs or TNF Ϫ/Ϫ ciDCs transduced with wtTnf or nclTnf, which contained less than 4 ng tmTNF per 0.5 ϫ 10 6 cells ( Figures 3D-E , 4B-C, 5B-E and data not shown). Remarkably, the lowest tested concentration of sTNF (12.5 ng/mL) was 3-to 6-fold greater than the maximal concentration of sTNF found in our cmDC cultures but was ineffective in stimulating caNK-cell IFN-␥ secretion. These findings demonstrate that sTNF does not play a significant role in DC-NK-cell crosstalk.
TNF-TNFR2 engagement mediates DC-NK-cell crosstalk
To further asses the importance of TNF and to determine the contribution of the signaling via TNFR1 and/or TNFR2 in DCmediated stimulation of NK-cell IFN-␥ secretion, we performed blocking experiments using antibodies to TNF, TNFR1, and TNFR2. We found that individual mAb to TNF and TNFR2 significantly (6.4-and 3.8-fold, respectively) suppressed IFN-␥ secretion in wild-type cmDC-caNK-cell cocultures ( Figure 6A ). In contrast, mAb to TNFR1 did not significantly change this function, and combined mAb to TNF, TNFR2, and/or TNFR1 similarly suppressed DC-NK-cell crosstalk as individual mAb to TNF or TNFR2. These data confirm that TNF is a significant mediator of DC stimulation of NK-cell IFN-␥ secretion and suggest that TNF-TNFR2 engagement and signaling via TNFR2 might be the main pathway of DC-NK-cell crosstalk and that the TNF-TNFR1 pathway does not play a significant role in this activity.
Cognate interaction of DC TNF and NK-cell TNFR2 mediates DC-NK-cell crosstalk
To precisely define the contributions of DC and NK-cell TNF, TNFR1, and TNFR2 in DC stimulation of NK cells and biologic relevance of this pathway of DC-NK-cell crosstalk, we examined and 6B-G). We found that wild-type fmDCs or cmDCs induced high IFN-␥ secretion by wild-type or TNF-deficient fNK and faNK or caNK cells, respectively. In sharp contrast, TNFdeficient fmDCs or cmDCs poorly stimulated IFN-␥ secretion by TNF-deficient or wild-type fNK and faNK or caNK cells, respectively ( Figures S1A and 6B-C) . Complementarily, TNFR2-deficient fNK or faNK and caNK cells poorly secreted IFN-␥ in response to either TNFR2-deficient or wild-type fmDCs and cmDCs, while wild-type fNK or faNK and caNK cells secreted high levels of IFN-␥ in response to either wild-type or TNFR2-deficient fmDCs and cmDCs, respectively (Figures S1C and 6F-G) . In sharp contrast, TNFR1-deficient or wild-type fNK or faNK and caNK cells secreted high levels of IFN-␥ in response to either TNFR1-deficient or wild-type fmDCs and cmDCs, respectively ( Figures S1B and 6D-E) . Similarly, wild-type or TNFR1-and TNFR2-deficient fmDCs, but not TNF-deficient fmDCs, optimally stimulated proliferation of wild-type or TNF-and TNFR1-deficient fNK cells but not TNFR2-deficient fNK cells ( Figure 7A-C) , and wild-type ciDCs, but not TNF-deficient ciDCs, stimulated cytotoxic activity of wild-type or TNF-deficient fNK cells ( Figure  7D-E ). These data demonstrate that TNF-TNFR2 but not TNF-TNFR1 interaction mediates DC-induced enhancement of NK-cell functions and that this process occurs via selective interplay of DC TNF and NK-cell TNFR2. They also show that this mechanism could be rapidly activated by microbial products in in vivogenerated DCs and NK cells and might be therefore operative in vivo and biologically relevant.
Discussion
DCs stimulate the critically important NK-cell functions proliferation, cytotoxicity, and secretion of the central Th1-type cytokine IFN-␥ and induce polarized Th1 adaptive immune responses to pathogens and transformed cells . 3,4,8-10,14,16 The governing mechanisms of DC regulation of NK-cell functions are largely elusive. It has been suggested that DCs regulate NK cells via both transmembrane and secreted cytokines. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [24] [25] [26] [27] [28] This implies that the crosstalk occurs in the cleft of DC-NK-cell contact, is mediated by the molecules that are locally concentrated on the cell membrane and/or secreted, and is restricted on the cells in direct contact. Here, we demonstrate for the first time that DC-NK-cell contact-dependent crosstalk stimulating NK-cell IFN-␥ secretion, proliferation, and cytotoxicity is mediated by a novel nonsecretory mechanism via selective engagement of cellsurface-expressed DC tmTNF and NK-cell tmTNFR2. Both in vivo-and in vitro-generated DCs and NK cells have this ability, indicating that the mechanism might be operative in vivo and therefore biologically important.
We show that while TNF Ϫ/Ϫ DCs are impaired and sTNF is unable to stimulate NK-cell IFN-␥ secretion, either secretionsufficient or secretion-deficient wild-type DCs or nclTNF-restored TNF Ϫ/Ϫ DCs are fully capable to do so, strongly suggesting that cell membrane tmTNF is a major mediator of DC-NK-cell interaction and arguing against a significant role for conventionally secreted cytokines such as sTNF and IL-12p70 at the onset of DC-NK-cell crosstalk. However, the secretion of cytokines might be induced during the initial, cell-contact-dependent phase of DC-NK-cell crosstalk via transmembrane molecules, and the secreted cytokines might be significantly involved during the late phase of the interaction.
Pathogen-and cytokine-stimulated DCs secrete IL-12p70, IL-23, IL-18, IL-15, and IL-2, which are potent activators of NK cells. [38] [39] [40] Therefore, these cytokines have been studied as mediators of DC-induced NK-cell activation. These studies have provided conflicting findings. 10,14,20,24-27 Thus, it has been shown in humans and mice that IL-12 is not required for DC-mediated stimulation of NK-cell CD69 expression, IFN-␥ secretion, cytotoxicity, or antitumor activity. 10, 14, 25 In contrast, it has been demonstrated in mice that cytomegalovirus-induced expansion of antiviral LY49H ϩ NK cells is mediated by CD8␣ ϩ lymphoid DCs via IL-12 20 and that myeloid DCs engineered to produce IL-12 mediate increases in NK-cell IFN-␥ secretion and antitumor activity. 26 A more recent study has shown that both human and mouse myeloid DCs mediate enhancement of NK-cell IFN-␥ secretion via IL-12p70. 27 Interestingly, in this study, as in ours, wild-type mouse bone marrow-derived myeloid DCs were day 5 of culture, at an early stage of development, and did not secrete detectable amount of IL-12p70. The authors suggested that the preassembled stores of IL-12 are polarized and secreted by DCs in the localized space of DC-NK-cell contact and that formation and activity of hypothetical immune synapses between the interacting cells might be a molecular mechanism of the localized secretion of IL-12 and its induction of IFN-␥ secretion by NK cells. We have found that wild-type caNK cells expressing high levels of tmTNF, but neither wild-type fNK cells expressing low levels of tmTNF nor TNF-deficient caNK cells, mediate in day 5 culture ciDC maturation and increased expression of CD80, CD86, and CD40 costimulatory molecules and tmTNF ( Figure S2 and data not shown), and in day 9 culture cmDCs enhanced secretion of IL-12p70 ( Figure S3 For personal use only. on April 19, 2017 . by guest www.bloodjournal.org From on DCs, supports the reverse signaling model. However, our findings of a low but significant decrease of the ability of TNFR2 Ϫ/Ϫ DCs to stimulate IFN-␥ secretion by wild-type NK-cells ( Figures S1C and 7E-F ) could indicate that a fraction of DC-mediated stimulation of NK cells is induced by DCsecreted IL-12p70 conventionally triggered via engaging DC-TNFR2 with NK-cell TNF. It is also possible that NK cellmediated triggering of KARAP/DAP12-and TREM2-activating receptors on IL-4-propagated DCs coparticipates with DC-TNFR2 triggering in the induction of DC IL-12p70 secretion and increased expression of tmTNF and the amplification of DC-mediated NK-cell activation. 41 Our main data strongly support the possibility that the synaptic interplay of DCtmTNF-NKtmTNFR2 directly induces most DC-mediated NK-cell activation.
Our recent study has provided indications that DC-NK-cell cross-stimulation of IFN-␥ secretion by NK cells and IL-12p70 secretion by DCs could occur via orchestrated interplays between multiple TNF superfamily ligands and their cognate receptors. 42 Ferlazzo et al have demonstrated that human DCs can activate NK cells via triggering NKp30 and possibly some other NK cellactivating receptors. 16 These findings suggest that DC-NK-cell cross-stimulation might be mediated by synergistic interactions of several transmembrane ligand-receptor pairs, including those of TNF superfamily and activating NK-cell and DC receptors. Therefore, it is plausible that the bidirectional synapses of multiple transmembrane ligands, including tmTNF, and multiple transmembrane receptors, including tmTNFR2, mediate DC-NK-cell interaction and reciprocal stimulation. The signals generated in the synapses could directly induce DC-NK-cell polarization and increases in secretion of IL-12p70 and IFN-␥.
DCs and NK cells are present in infected, inflamed tumor tissues and in peripheral lymphoid organs, and DC-NK-cell colocalization and contact-dependent interaction have been demonstrated in inflamed tissues and lymph nodes. [21] [22] [23] 42 Therefore, DCs and NK cells may interact via transmembrane molecules in these tissues. We show here that splenic fiDCs and fNK cells express low levels of tmTNF and tmTNFR2 and crosstalk poorly. However, bacterial LPS rapidly induces increases in expression of tmTNF on fiDCs, and IL-2, which could be provided by pathogen-stimulated DCs, 24 rapidly induces increases in expression of tmTNFR2 on fNK cells. Thus, stimulated fmDCs and/or faNK cells acquire remarkable ability to crosstalk via tmTNF-tmTNFR2 interplay upon their cell-cell contact. These findings indicate that DC-NK-cell contactdependent crosstalk via tmTNF-tmTNFR2 interplay could occur in vivo at the periphery (sites of infection/inflammation) and in lymph nodes. For example, at the periphery, the invading pathogens can directly induce fiDC maturation and increases in expression of tmTNF and ability to stimulate NK cells. These fmDCs can interact with fNK cells via tmTNF-tmTNFR2 interplay and promote NK-cell proinflammatory functions at the entry of pathogens and/or migrate into regional lymph nodes and stimulate there resident NK cells to secrete IFN-␥ and induce Th1 immune responses. IL-2 and other NK cell-activating cytokines secreted by pathogen-stimulated fmDCs can activate fNK cells and induce their increases in expression of tmTNFR2 and, consequently, amplification of fmDC-tmTNF-mediated activation and IFN-␥ secretion. The resulting faNK cells express increased levels of both tmTNFR2 and tmTNF and can interact with enhanced ability with DCs that also express both tmTNF and tmTNFR2 by respective interplays of the transmembrane molecules, induce further increases of DC maturation and IL-12p70 secretion, and lead to enhanced stimulation of proinflammatory responses at the periphery. These faNK cells could also migrate to and interact similarly with resident DCs in regional lymph nodes and enhance polarization of Th1 responses.
In conclusion, we have defined a novel essential mechanism of DC-NK-cell crosstalk that is nonsecretory and is mediated via cell-cell contact and cognate interplay of tmTNF and tmTNFR2. This finding coupled with the previous demonstration of an important role for secreted cytokines in DC-NK-cell crosstalk suggests that DC-NK-cell crosstalk is mediated and regulated by 2 interdependent mechanisms/signals, the nonsecretory signal 1 and the secretory signal 
